Addressing the puzzling role of amidated gastrin 17 (G17) and the gastrin/CCKB/CCK2 receptor in colorectal carcinogenesis, we analysed potential candidate genes involved in G17-dependent NF-jB inhibition and apoptosis. The colorectal carcinoma cell line Colo320 overexpressing the wild-type CCK2 receptor (Colo320wt) underwent G17-induced apoptosis along with suppressed NF-jB activation and decreased expression of the antiapoptotic NF-jB target genes cIAP1 and cIAP2, whereas G17 was without effect on Colo320 cells expressing a CCK2 receptor bearing a loss of function mutation (Colo320mut). Gene microarray analysis revealed an elevated expression of the stress response gene IEX-1 in G17-treated Colo320wt but not Colo320mut cells. Quantitative real-time PCR and conventional RT-PCR confirmed this G17-dependent increase of IEX-1 expression in Colo320wt cells. If these cells were subjected to IEX-1 knockdown by small interfering RNA transfection, the apoptosis-inducing effect of G17 was abolished. Moreover, tumor necrosis factor alpha (TNFa)-or 5-FUinduced apoptosis that is greatly enhanced by G17 treatment in Colo320wt cells was prevented if IEX-1 expression was repressed. Under these conditions of blocked IEX-1 expression, the NF-jB activity remained unaffected by G17, in particular in Colo320wt cells co-treated with TNFa and also the suppressive effect of G17 on cIAP1 and cIAP2 expression was not observed anymore if IEX-1 expression was blocked. Conversely, IEX-1 overexpression in Colo320mut cells caused an increase of basal and TNFa-or 5-FU-induced apoptosis, an effect not further triggered by G17 treatment. Using a xenograft tumor model in severe combined immune deficiency mice, we could show that experimental systemic hypergastrinemia induced by the administration of omeprazole led to enhanced apoptosis as well as to a marked increase of IEX-1 expression in Colo320wt tumors, but not in Colo320mut tumors. These observations indicate that the proapoptotic effect of G17 on human colon cancer cells expressing the wild-type CCK2 receptor is mediated by IEX-1, which modulates NF-jB-dependent antiapoptotic protection and thereby exerts tumor-suppressive potential.
Introduction
Gastrin is a circulating peptide hormone comprising 17 amino acids and bearing a C-terminal amide, which is normally produced by G cells in the gastric antrum and the upper intestine. The predominant physiological function of mature amidated gastrin (G17) is the stimulation of gastric acid secretion by parietal cells in concert with the induced release of histamine from enterochromaffin-like (ECL) cells (reviewed in Dockray et al., 1996; Schmidt and Schmitz, 2004) . These effects are mediated by the Gq protein coupled, seven transmembrane spanning CCK2 receptor (formerly designated CCK-B/gastrin receptor) (reviewed in Rozengurt and Walsh, 2001) . Besides the mature form, precursor peptides such as glycine-extended gastrin and progastrin also exist, but their physiological significance is still unclear, particularly as they do not bind to CCK2 receptors. G17 may also act as a trophic factor in a variety of biologic processes, including the maintenance of gastric mucosa, proliferation of ECL cells and neoplastic transformation (Rozengurt and Walsh, 2001) . However, in the latter context the effect of G17 on colorectal carcinogenesis and the growth of colon carcinoma has been a matter of controversy (Baldwin and Shulkes, 1998; Koh et al., 1999; Singh et al., 2000; Watson and Smith, 2001; Aly et al., 2004) . Moreover, rather a CCK2 receptor-independent action, particularly by glycine-extended gastrin and progastrin, is discussed to promote colon cancer (Siddheshwar et al., 2001; Cobb et al., 2004; Singh et al., 2007) .
In fact, recent observations indicated that, via the CCK2 receptor, G17 exerts a rather growth-suppressive effect on colon cancer (Pinson et al., 1995; Singh et al., 2000; Cobb et al., 2002) . Besides CCK2 receptor expression, which has been documented for colon cancer (Schmitz et al., 2001) , certain mutations of the CCK2 receptor have been described as well. Among these, a loss of function mutation in the third intracellular loop was detected (Schmitz et al., 2001) , which affects G17-induced p44/p42 MAP kinase (MAPK) activity, G17-dependent activation of the transcription factor AP1 and G17-induced gene expression Yu et al., 2005) in the colon cancer cell line Colo320 expressing this mutated CCK2 receptor (Colo320mut cells). Most strikingly, Colo320mut cells are not growth inhibited by G17 in vitro and in vivo as compared to Colo320 cells expressing the wild-type CCK2 receptor (Colo320wt cells), which undergo apoptosis after the treatment with G17 . This proapoptotic effect of G17 was also observed in other cell lines expressing the wild-type CCK2 receptor. Preceding the induction of apoptosis by G17 in these cells, the activity of the transcription factor NF-kB was substantially reduced . Since NF-kB plays an important role in cellular protection from apoptosis (reviewed in Perkins and Gilmore, 2006) by activating the transcription of various antiapoptotic genes (such as, cIAP, Bcl and survivin), it could be speculated that the inhibition of NF-kB by G17 is related to its proapoptotic effect.
One mode of its action by which G17 could interfere with NF-kB activation might be the blockade of the phosphorylation-and polyubiquitination-dependent turnover of the NF-kB inhibitor IkBa , which is degradated by the 26S proteasome, thereby releasing NF-kB from its cytoplasmic retention and allowing its nuclear translocation (reviewed in Hayden and Ghosh, 2004; Perkins, 2007) . Recently, various genes have been identified, which counterregulate NF-kB activity including the ubiquitinases CYLD and A20, or the stress response gene Immediate Early Gene X-1 (IEX-1) (Arlt et al., 2003) .
IEX-1, also known as IER3/DIF2 gene, is a growthand stress-associated early-response gene (Kondratyev et al., 1996; Scha¨fer et al., 1996) , which is involved in a great variety of cellular functions (reviewed in Wu, 2003) . The expression of IEX-1 is under the control of many stimuli and cellular conditions including growth factors, cytokines, viral infection, UV-and g-irradiation or biomechanical strain. Accordingly, activation of the IEX-1 promoter is regulated by a large number of transcription factors, such as NF-kB, p53, Sp1, c-Myc, AP1, retinoic acid receptor and vitamin D3 receptor. IEX-1 as well as its rodent homologues PRG1 and gly96 represent short-lived proteins consisting of 156, 160 and 153 amino acids, respectively, and, to current knowledge, share no significant sequence similarities with any other known protein. Depending on cell type and stimulus-specific conditions, IEX-1 regulates cell growth and cellular viability (reviewed in Wu, 2003) , and a significant apoptosis triggering effect by IEX-1 has been described (Scha¨fer et al., 1999; Arlt et al., 2001; Grobe et al., 2001; Schilling et al., 2001; Osawa et al., 2003; Shen et al., 2006) . In the present study, we identified IEX-1 as an important mediator of G17-dependent NFkB inhibition and apoptosis in Colo320 cells expressing the wild-type CCK2 receptor.
Results
Colo320 cells expressing the wild-type or a mutant CCK2/gastrin receptor differ in their sensitivity to gastrin (G17)-induced apoptosis Colo320wt and Colo320mut cells were incubated with 10 nM G17 for 24 h or not, either in the absence or presence of TNFa (30 ng/ml) or 5-FU (2 mg/ml) that was added 2 h after G17 administration. As shown in Figure 1a , treatment with G17 alone significantly induced apoptosis in Colo320wt cells compared with untreated cells. The number of apoptotic annexin V positive Colo320wt cells was increased from 6 to 19% after the treatment with 10 nM G17. This proapoptotic effect of G17 treatment was completely absent in Colo320mut cells (Figure 1a ). When subjecting Colo320wt cells to treatment with TNFa or 5-FU alone, the number of annexin V positive cells ( Figure 1a ) increased from 6 to 13 and 26%, respectively. In the presence of G17, apoptosis in response to TNFa and 5-FU was greatly increased as indicated by the elevated number of annexin V positive cells (24 and 40%, respectively) . No such enhanced sensitivity to TNFaand 5-FU-induced apoptosis by the combined treatment with G17 was seen in Colo320mut cells.
A similar proapoptotic effect of G17 treatment was seen in Colo320wt cells when analysing caspase-3/-7 activity in Colo320wt cells (Figure 1b ). Caspase-3/-7 activity increased more than fourfold in these cells if subjected to treatment with G17 alone, and the five-and sixfold increase of caspase-3/-7 activity in response to TNFa and 5-FU, respectively, was further increased by G17 treatment (8-and 10-fold, respectively). Again, no increase of caspase-3/-7 activity by G17, either in the absence or presence of TNFa and 5-FU, was observed in Colo320mut cells.
Gastrin (G17) treatment of Colo320wt but not Colo320mut cells induces expression of IEX-1
To elucidate G17-dependent alterations in the expression level of genes involved in the regulation of apoptosis and proliferation, mRNA from G17-treated (10 nM, 3 h) Colo320wt and Colo320mut cells was analysed by the DNA microarray technique detecting more than 360 relevant genes (data not shown). Among various differentially expressed genes involved in apoptosis regulation, the stress-inducible gene IEX-1/IER-3 (Kondratyev et al., 1996) was identified as most significantly upregulated by G17 in Colo320wt cells, but not in Colo320mut cells (R Ha¨sler and S Schreiber, personal communication) .
By means of RT-PCR, it could be shown that within 1-6 h of G17 treatment the mRNA content of IEX-1 strongly increased in Colo320-wt cells (Figure 2a ), but not in Colo320mut cells. Then, the IEX-1 mRNA level declined continuously, but even after 24 h it was still slightly elevated in Colo320wt cells treated with G17 as compared to untreated cells. Semi-quantitative real-time PCR confirmed the increase of IEX-1 mRNA level in Colo320wt cells subjected to G17 treatment for these periods, but not in Colo320mut cells (Figure 2b ). Treatment of Colo320wt cells with the p44/p42 MAPK inhibitor PD98059 (25 mM) 1 h before the administration of G17 (10 nM for 1 h) blocked the G17-dependent increase of IEX-1 mRNA level (Figure 2c ). When costimulated with G17 and TNFa (Supplementary material 1), IEX-1 mRNA level increased similarly after 1 h in comparison with TNFa treatment alone, and longer G17/TNFa co-treatment (3 and 6 h) resulted in higher IEX-1 mRNA level as compared to TNFa treatment alone. Treatment with 5-FU alone resulted in a delayed and continuous (up to 6 h) increase of IEX-1 mRNA level in Colo320wt cells that was enhanced by coincubation with G17 (Supplementary material 1) .
An increase of IEX-1 expression in response to G17 could also be detected by means of immunocytochemistry.
As shown in Figure 2d , Colo320wt cells subjected to treatment with 10 nM G17 for 24 h exhibited more intense IEX-1 immunostaining than untreated cells. Addition of a blocking peptide completely diminished the staining with the IEX-1 antibody, thus indicating its specificity (Figure 2d ).
IEX-1 expression relates to an increased susceptibility to apoptotic stimuli in Colo320wt and Colo320mut cells Next, we elucidated whether IEX-1 expression might account for the proapoptotic effect of G17 in Colo320wt cells. For this purpose, Colo320wt or Colo320mut cells were transfected with IEX-1, and apoptosis was measured 24 h after treatment with TNFa or 5-FU. As shown in Figure 3a IEX-1-and gastrin-induced apoptosis in colon cancer cells S Sebens Müerköster et al and Colo320mut cells increased to 17 and 19%, respectively, and this elevated rate of apoptosis was significantly enhanced by IEX-1 overexpression in both cell lines (29 and 32% annexin V positive cells, respectively). A quite similar observation was made with IEX-1-transfected Colo320wt and Colo320mut cells subjected to treatment with 5-FU (2 mg/ml, 24 h). Again, the apoptosis-inducing effect of the anticancer drug (34 and 35% annexin V positive mock-transfected Colo320wt and Colo320mut cells, respectively) was significantly enhanced by IEX-1 overexpression in both cell lines (48 and 51% annexin V positive cells, respectively). Caspase-3/-7 assays ( Figure 3b ) confirmed the triggering effect of IEX-1 overexpression on apoptosis in both Colo320wt (fourfold increase of caspase-3/-7 activity compared to mock transfectants) and Colo320mut cells (three-to fourfold increase of caspase-3/-7 activity compared to mock transfectants). Again, the gain of caspase-3/-7 activity in response to TNFa and 5-FU (four-and sevenfold, respectively, in mock-transfected Colo320wt cells and three-and fivefold, respectively, in mock-transfected Colo320mut cells) was strongly elevated by IEX-1 overexpression (seven-and nine-to ten-fold, respectively, in Colo320wt cells and five-and seven-fold, respectively, in Colo320mut cells).
This enhancing effect of IEX-1 overexpression on basal as well as on TNFa-or 5-FU-induced apoptosis was only slightly triggered by G17 in Colo320wt cells (Figures 3a and b) , suggesting that G17 and IEX-1 do not exert an additive effect in the induction or enhancement of apoptosis in these cells.
Silencing of IEX-1 expression in Colo320wt cells abrogates the apoptosis-inducing effect of gastrin (G17)
To elucidate whether knockdown of IEX-1 gene expression affects G17-induced apoptosis of Colo320wt Next, siRNA-transfected Colo320wt cells were further subjected to either no treatment, or treatment with G17 (24 h, 10 nM) alone or treatment together with TNFa (30 ng/ml, 24 h) or 5-FU (2 mg/ml, 24 h). As shown in Figure 4c , the G17-dependent increase of apoptosis (from 5 to 16% annexin V positive cells) seen in Colo320wt cells transfected with the control siRNA was much weaker in IEX-1 siRNA-transfected cells (9% annexin V positive cells). Moreover, apoptosis in response to the combined treatment with G17 and TNFa or 5-FU (26 and 39% annexin V positive cells, respectively) was significantly reduced in Colo320wt cells when transfected with IEX-1 siRNA (16 and 22% annexin V positive cells, respectively).
Caspase-3/-7 assays (Figure 4d ) confirmed this effect of IEX-1 knockdown in Colo320wt cells. The fourfold increase of caspase-3/-7 activity in response to G17 treatment that was seen in control siRNA-transfected cells was significantly decreased (twofold caspase-3/-7 activity) in IEX-1 siRNA transfectants. Similarly, the strong increase of caspase-3/-7 activities (eight-and ninefold) in control siRNA-transfected Colo320wt cells subjected to combined treatment with G17 and TNFa or 5-FU was significantly lower if IEX-1 expression was silenced (sixfold caspase-3/-7 activity). These findings suggest that silencing of IEX-1 decreases the sensitivity of Colo320wt cells to G17-induced apoptosis as well as the sensitizing effect of G17 to TNFa and 5-FU. IEX-1-and gastrin-induced apoptosis in colon cancer cells S Sebens Müerköster et al mice were subcutaneously inoculated with Colo320wt or Colo320mut cells, and systemic hypergastrinemia was induced by omeprazole treatment. As reported recently (Watson and Smith, 2001 ), a daily dose of 75 mg/kg omeprazole leads to median serum G17 levels of 100 pM (5.82 mg/ml) reflecting elevated G17 serum concentrations in patients after prolonged omeprazole treatment (Rooman et al., 2001) . As shown in Figure 5a , omeprazole treatment led to a marked increase of IEX-1 expression in Colo320wt tumors as compared with untreated Colo320wt tumors. In contrast, no change in IEX-1 expression was seen in Colo320mut tumors subjected to omeprazole treatment ( Figure 5a ). Furthermore, omeprazole-treated Colo320wt tumors contained much more apoptotic cells than untreated Colo320wt tumors as shown by TdT-mediated dUTP nick end labeling (TUNEL) staining (Figure 5b ). In contrast, only few apoptotic cells were detected in untreated as well as in omeprazole-treated Colo320mut tumors. These results indicate that the omeprazoleinduced G17 secretion leads to an increase of IEX-1 expression in colon carcinoma cells when expressing the wild-type CCK2 receptor along with more pronounced apoptosis.
IEX-1 expression mediates inhibition of NF-kB activity by gastrin (G17) in Colo320wt cells
To elucidate whether IEX-1 is involved in the NF-kB inhibiting action of G17 in Colo320wt cells, gel-shift assays were performed using a NF-kB oligonucleotide as probe. As shown in Figure 6a , G17 treatment (10 nM) for 2 h attenuated the basal NF-kB binding activity in Colo320wt cells transfected with control siRNA, IEX-1-and gastrin-induced apoptosis in colon cancer cells S Sebens Müerköster et al whereas basal NF-kB binding activity was unaffected by G17 treatment in IEX-1 siRNA-transfected Colo320wt cells. In the presence of TNFa (1 h, 30 ng/ml), a strong increase of NF-kB binding activity could be observed in control siRNA-transfected Colo320wt cells that was markedly reduced by G17 pretreatment for 2 h. In contrast, Colo320wt cells transfected with IEX-1 siRNA exhibited a stronger increase of TNFa-induced NF-kB binding activity and almost no attenuating effect of G17 pretreatment was observed.
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Colo320mut IEX-1 staining NaCl omeprazole TUNEL staining Figure 5 Systemic hypergastrinemia in a severe combined immune deficiency (SCID) mice tumor model leads to increased IEX-1 expression and apoptosis in Colo320wt tumors but not in Colo320mut tumors. SCID mice were inoculated with Colo320wt or Colo320mut cells and after 2 weeks, animals were randomized and treated with either vehicle (0.9% w/v NaCl) or omeprazole for 20 days to induce systemic hypergastrinemia (Watson and Smith, 2001 ). Then, tumors were excised and submitted to immunohistochemistry analysis with an IEX-1 antibody (a) or to TdT-mediated dUTP nick end labelling (TUNEL) staining (b). Representative images from two independent experiments are shown. A Â 250 magnification was used.
This finding was confirmed by luciferase assays using a triple NF-kB site-driven firefly luciferase reporter construct. As shown in Figure 6b , control siRNA-transfected Colo320wt cells revealed a decreased NF-kB-driven transcriptional activity upon G17 treatment (8 h, 10 nM), an inhibitory effect of G17 that was even more pronounced with TNFa-induced (6 h, 30 ng/ml) NF-kB activity. In a striking contrast, IEX-1 siRNA transfection of Colo320wt cells significantly diminished the G17-dependent decline of the basal as well as the TNFainduced NF-kB promoter activity (Figure 6b ).
Gastrin (G17) decreases cIAP1 and cIAP2 expression in Colo320wt cells in an IEX-1-dependent manner
Because of the NF-kB inhibitory action of IEX-1 during G17 treatment of Colo320wt cells, we next elucidated whether the expression of certain antiapoptotic NF-kB target genes is also affected by G17. Among these genes we chose cIAP1 and cIAP2 since the promoter of these NF-kB responsive genes is efficiently suppressed by IEX-1 (Arlt et al., submitted elsewhere). Colo320wt cells transfected with control siRNA exhibited decreased mRNA level of cIAP1 and cIAP2 in response to G17, as shown by conventional RT-PCR as well as by real-time PCR (Figures 7a and b) . Within 2 h of G17 treatment, the amount of cIAP1 and cIAP2 mRNA progressively declined until 24 h after G17 administration. This suppressive effect of G17 on cIAP1 and cIAP2 expression was also seen in untransfected Colo320wt cells, but not in Colo320mut cells (data not shown). By contrast, in Colo320wt cells transfected with IEX-1 siRNA, cIAP1 and cIAP2 mRNA level were not affected in this way by G17 treatment (Figures 7a and b) , indicating that disruption of IEX-1 expression abolishes the G17-dependent suppression of cIAP1 and cIAP2 in Colo320 cells mediated via the CCK2 receptor.
Discussion
While it is generally accepted that G17 exerts a proliferative effect on ECL cells in the gastric mucosa and on gastric cancer cells, its role in colorectal cancer is still unclear. In colonic mucosa, G17 is supposed to trigger proliferation as well, thus for a long time G17 was under suspect to promote colorectal tumorigenesis. However, this view has been substantially changed due to a line of experimental evidence: (1) progastrin or Gly-gastrin rather than G17 exerts a strong proliferative effect on various experimental settings in a CCK2 receptor-independent fashion (Siddheshwar et al., 2001; Ahmed et al., 2004; Cobb et al., 2004; Singh et al., 2007) , (2) little evidence exists for simultaneous expression of mature G17 and the CCK2 receptor in colon cancer cells (Clerc et al., 1997; Copps et al., 2006) and (3) a rather growth inhibitory and proapoptotic effect of G17 on colon cancer cells has been reported in vitro and in vivo Yu et al., 2005) .
Here, we report on the identification of IEX-1 as a target gene of G17 in Colo320 cells expressing the CCK2 wild-type receptor and being growth suppressed by G17. IEX-1 mRNA level are raised by G17 quite rapidly in a p44/p42 MAPK-dependent manner and persist for many hours. Besides an induced gene transcription mediated by the p44/p42 MAPK and AP1 pathway, stabilization of IEX-1 mRNA by G17 may also account for the elevated IEX-1 expression. IEX-1 mRNA contains a half-life time-regulating A-rich element (ARE) within its 3 0 -UTR, and this element is under the control of the p38 MAPK pathway (Corcoran et al., 2006) , which is induced in Colo320wt cells by G17 as well (Yu et al., 2005) . Of note, G17 similarly induces IEX-1 expression in the colorectal cancer cell line LoVo (Supplementary material 2) also expressing the CCK-2 receptor and exhibiting an apoptotic response to G17 treatment .
As we further demonstrated, G17 induces apoptotic cell death in Colo320 cells expressing the CCK2 receptor and enhances death ligand or anticancer-drug-induced apoptosis, whereas no such effects could be noted in (a) After 40 h, cells were subjected to treatment with G17 for 2 h or without, either followed by 1 h treatment with 30 ng/ml TNFa or not, and nuclear extracts were submitted to a NF-kB gel-shift assay. A representative result from two independent experiments is shown; * indicates unspecific bands. (b) After 40 h, cells were transfected with the empty vector (pGL3) or a NF-kB luciferase reporter vector (p(3x)kB) together with pTKRL control vector and transfectants were treated with 30 ng/ml TNFa for 6 h or without, either preceded by 2 h preincubation with 10 nM G17 or not. Cellular lysates were submitted to the dual luciferase assay and optical units from firefly luciferase activity (pGL3 or p(3x)kB) were normalized to optical units from control Renilla luciferase (pTKRL) determined in parallel. Means7s.d. of four independent experiments are shown, * indicates P-value o0.05.
IEX-1-and gastrin-induced apoptosis in colon cancer cells S Sebens Müerköster et al
Colo320 cells expressing a colon cancer-derived mutant CCK2 receptor (Schmitz et al., 2001) . As shown previously Yu et al., 2005) , this mutated receptor is a signaling defective receptor variant, unable to release an apoptosis-inducing and growth-suppressive signal after binding to G17, along with ineffectiveness to induce the p44/p42 MAPK pathway and to activate the transcription factor AP1. In addition, binding of G17 to the wild-type CCK2 receptor, but not to the mutant variant, strongly suppresses activation of NF-kB , for example, in response to TNFa. Intriguingly, and as shown here, the mutant CCK2 receptor is also incapable of inducing IEX-1 expression in Colo320 cells subjected to G17 treatment. Irrespective of their CCK2 receptor expression, apoptosis in Colo320 cells is greatly increased by IEX-1 overexpression (Figure 3 ) and, conversely, siRNAmediated knockdown of IEX-1 expression in Colo320wt cells abrogates the apoptosis-inducing and apoptosissensitizing effect of G17 (Figure 4) , thus indicating an involvement of IEX-1 into these proapoptotic actions of G17. Moreover, the G17-mediated inhibition of basal or induced (for example, by TNFa) NF-kB activity also depends on the induced expression of IEX-1 because its siRNA-mediated knockdown abolished the NF-kB inhibition by G17 in Colo320wt cells. It turned out that along with the reduced NF-kB activity, the expression of certain antiapoptotic NF-kB target genes such as cIAP1 and cIAP2 declined in response to G17 treatment and that IEX-1 expression is required for this effect. These findings favor the view that IEX-1 is part of a signaling pathway initiated by the CCK2 receptor, leading to a compromised antiapoptotic protection by NF-kB inhibition (Figure 8 ), as seen, for example, during TNFainduced apoptosis. In the absence of G17, the intrinsic proapoptotic activity of TNFa mediated via the death receptor TNF-R1 is in balance with the antiapoptotic NF-kB pathway initiated by TNFa as well. However, if NF-kB activation is blocked, the initially moderate apoptotic response to TNFa is greatly enhanced, as recently demonstrated for the NF-kB inhibitor sulfasalazine that triggered TNFa-induced apoptosis in Colo320wt cells to a similar extent as G17 . Previous findings indicated that IEX-1-itself a NF-kB target gene inducible by TNFa (Kondratyev et al., 1996; Arlt et al., 2001; Schilling et al., 2001; Osawa et al., 2003) -acts as a negative feedback regulator of TNFadependent NF-kB activation (Arlt et al., 2003) . One can speculate that this action of IEX-1 is part of a selfterminating mechanism preventing an exaggerated and inadequately prolonged NF-kB activation. Consequently, IEX-1 overexpression dampens TNFa-induced NF-kB activation along with an increase of apoptosis, and similarly, if IEX-1 expression is induced by G17 before TNFa administration the resulting NF-kB activation will be reduced and the rate of apoptosis will increase.
Recent data showed that IEX-1 interferes with the turnover of the NF-kB inhibitor IkBa by inhibiting the assembly and activity of the 26 S proteasome (Arlt et al., 2003 (Arlt et al., , 2007 . In support of this, we recently showed that G17 strongly decreased the stimulus-dependent degradation of IkBa in Colo320wt cells , an effect preceding the decline in NF-kB activity and the increase of apoptosis. Thus, it could be assumed that by inducing expression of IEX-1 in a p44/p42 MAPK and AP1-dependent manner, G17 leads to a dampened NF-kB activation resulting in increased apoptosis. Accordingly, inhibition of p44/p42 MAPK by PD98059 prevented not only G17-induced IEX-1 expression, but also G17-dependent NF-kB inhibition and apoptosis . 
The finding that IEX-1 seems to be implicated in the tumor-suppressive activity of G17 fits to the recent observations indicating that IEX-1 expression and carcinogenesis are inversely related, for example, in mammary and colon cancer (Hu et al., 2004; Nambiar et al., 2004) or in neuroendocrine tumors (Dilley et al., 2005) . Most notably, a recent study identified IEX-1 as a potential tumor-suppressive gene in colorectal carcinogenesis where IEX-1 is downregulated early in premalignant lesions giving rise to colon cancer (Nambiar et al., 2004) and the same authors performed an immunohistochemical analysis demonstrating that tumor tissue from colon cancer patients is devoid of IEX-1 expression, whereas in normal colonic tissue IEX-1 expression was readily detectable. It is, therefore, tempting to speculate that, by inducing IEX-1 expression, G17 induces apoptosis in colorectal cancer cells, thereby preventing rather than favoring tumorigenesis in the colon. This notion also supports the view that IEX-1 exerts tumor-suppressive activity, for example, in the colon that might relate also to other conditions, besides the effects of G17 described here.
Materials and methods
Cell lines and culture Colo320 cells (from ATCC) were cultured in RPMI 1640 medium (PAA Laboratories, Co¨lbe, Germany) supplemented with 1% glutamine (Invitrogen/GIBCO, Karlsruhe, Germany), 10% FCS (Biochrom KG, Berlin, Germany). Colo320wt and Colo320mut cells (Schmitz et al., 2001; Mu¨erko¨ster et al., 2005) were cultured in the same mediun supplemented with 500 mg/ml G418 (BD Biosciences Clontech, Heidelberg, Germany). All cell lines were kept in culture at 371C, 5% CO 2 and 85% humidity.
RNA isolation, RT-PCR and real-time PCR Total RNA was isolated using the RNeasy Kit from QIAGEN (Hilden, Germany) and reverse-transcribed into singlestranded cDNA, as described previously . Two microliters of cDNA was subjected to PCR (951C/3 min; 951C/1 min, 551C/1 min, 721C/40 s for 16-24 cycles followed by a final extension at 721C for 10 min) with gene-specific primers at a final concentration of 0.5 mM: Till et al., 2005) or b-actin for control using primers from BD Biosciences Clontech (via Takara, Ko¨ln, Germany). Ten microliters of the PCR reaction was subjected to an 8% polyacrylamide gel electrophoresis and visualized by ethidium bromide staining. For real-time PCR, 2 ml of cDNA and 0.2 mmol/l gene-specific primers were adjusted with RNAse-free water to a volume of 15 ml. To this mixture, 15 ml of iQ SYBR Green Supermix (BioRad Laboratories, Mu¨nchen, Germany) was added and the following amplification conditions were chosen: Data were collected during annealing steps and were further analysed by using the i-Cycler iQ Optical system software (BioRad Laboratories). All samples were analysed in duplicates and optical units of each mRNA specimen were normalized to b-actin. Data were expressed as relative optical units.
Cell transfection
For transfection, cells were seeded into six-well plates (2 Â 10 5 cells/well). After overnight culture, cells were transfected by lipofection (8 ml/mg DNA Enhancer plus 16 ml/mg DNA Effectene, QIAGEN) with 0.4 mg/well of the following plasmids: pcDNA3.1 (mock) or pcDNA3.1-IEX-1 . Upon transfection for 18 h, 1 ml medium containing 20% FCS was added and cells were left untreated or were treated as indicated for up to 24 h. For knockdown of IEX-1, cells were seeded into six-well plates (1 Â 10 5 cells/well) and grown overnight followed by transfection with 12 ml/well RNAiFect reagent (Invitrogen, Karlsruhe, Germany) and 2 mg/well of either Stealth negative control siRNA (Invitrogen) or Stealth IEX-1 siRNA (Invitrogen). After overnight transfection, cells were left untreated for 24 h until their further handling.
Annexin V staining and caspase-3/-7 activity assay Cells were seeded into a six-well culture plate at a concentration of 3-5 Â 10 5 cells/well and grown for 24 h. Then, medium was replaced and cells were either left untreated or treated with 10 nM G17 (Bachem, Bubendorf, Switzerland), 30 ng/ml TNFa (Sigma-Aldrich, Darmstadt, Germany) or 2 mg/ml 5-FU (SigmaAldrich), either alone or in the indicated combinations. After 24 h, apoptosis was determined by staining with annexin V/PI (ApoAlert apoptosis assay, Clontech, Heidelberg, Germany) following the manufacturer's instructions. Analysis was performed by fluorescence flow cytometry using a Galaxy ArgonPlus fluorescence flow cytometer (Dako Cytomation, Hamburg, Germany). Cells exhibiting high-specific annexin V staining were regarded as apoptotic. For the detection of caspase-3/-7 activity, a homogeneous luminescent assay was performed according to the manufacturer's instructions (Promega, Mannheim, Germany).
Gel-shift assay
Gel-shift assays on nuclear extracts were performed as described previously (Arlt et al., 2003) . For the detection of NF-kB, a consensus g 32 P-labeled NF-kB oligonucleotide 5 0 -AGTTGAGGGGACTTTCCCAGGC-3 0 (Promega) was used. Samples were separated by gel electrophoresis at 100 V and 41C. Gels were dried and exposed to X-ray Hyperfilm (Amersham, Freiburg, Germany).
Luciferase assay Semiconfluent cells grown on six-well culture plates were serum-starved for 2 h and then submitted to lipofection (8 ml/ mg DNA Enhancer; 16 ml/mg DNA Effectene, QIAGEN) using 0.5 mg pkappaB-Luc (firefly luciferase) or pGL3-Luc (firefly luciferase) together with 0.5 mg pRLTK (Renilla luciferase). After 8 h, medium was replaced and transfectants were incubated the next day with stimuli or without. For cell lysis and detection of luciferase activity, a commercial dual luciferase assay kit (Promega) was used, and luciferase activity was quantified in a Berthold luminometer. Transfection efficacy was determined in parallel by determination of Renilla luciferase expression.
Tumor model and therapy
The tumor growth response of Colo320wt and Colo320mut cells to G17 was assessed in a xenograft SCID mouse model. Female SCID mice were purchased from Harlan Winkelmann (Borchen, Germany) and kept under pathogen-free conditions (animal facility, Molecular Oncology Res. Group, Department of General Surgery, Kiel University). Animals were used at the age of 4-6 weeks and the experiments were approved by the local animal research committee. Tumors were established by injecting 2 Â 10 6 Colo320wt or Colo320mut cells (both resuspended in 100 ml 0.9% NaCl) subcutaneously (s.c.) into the shaved flank of the mice. The tumor take was X90%. After 14 days, when the tumors had reached Ø15 mm 2 in size, Colo320wt-or Colo320mut-tumor-bearing mice were randomized into two groups (n ¼ 5) and subjected either to sham treatment (200 ml 0.9% NaCl, i.p.) or to treatment with omeprazole (Antra-pro-infusione from Astra Zeneca, Wedel, Germany; 75 mg/kg daily, i.p. given in 200 ml 0.9% NaCl). Therapy regimens were given for 20 days, tumor sizes were measured twice per week and animals were killed for further analysis at day 34 after tumor inoculation. The tumors were removed and snap-frozen in liquid nitrogen.
Immunohistochemistry Six-micrometer-thick consecutive cryostat sections from tumor samples were mounted on uncovered glass slides, air-dried overnight at room temperature, fixed in acetone (Merck, Darmstadt, Germany) for 10 min at room temperature and airdried again for 10 min. After drying, slides were washed in phosphate-buffered saline. In addition, Colo320wt cells were grown on coverslips and after treatment cells were washed twice with PBS, fixed with acetone and air-dried. Then, coverslips and glass slides were treated with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min, washed three times with PBS and treated with a Biotin-Avidin blocking kit (Dako Cytomation). After extensive washing, an overnight incubation was followed (at 41C) with the primary IEX-1 antibody (polyclonal goat antibody N-17, Santa Cruz) at a dilution of 1:100 in 1% bovine serum albumin/PBS. After washing three times in PBS, coverslips and glass slides were treated with a donkey anti-goat antibody conjugated with biotin (Dianova, Hamburg, Germany) for 45 min followed by streptavidin peroxidase for 30 min. Afterward, coverslips and glass slides were washed three times in PBS. Then, the substrate reaction for peroxidase was performed with the DAB peroxidase substrate kit from Vector Laboratories (Alexis, Gru¨nberg, Germany) according to the manufacturer's instructions. Afterward, sections were washed in water, counterstained in 50% hemalaun (Merck) and mounted with glycerol gelatin. The same protocol was performed for negative controls, in which either the first antibody was omitted or a blocking peptide was used (not shown). All controls revealed only faint background staining.
TUNEL staining
To detect apoptotic cells, the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay was performed with the In Situ Cell Death Detection Kit (Roche, Mannheim, Germany) according to the manufacturer's instructions. Briefly, frozen tissue sections were fixed in acetone at room temperature, air-dried and permeabilized in 0.1% Triton X-100 in 0.1% sodium citrate (both Merck) for 2 min. After washing in PBS, sections were incubated with the IEX-1-and gastrin-induced apoptosis in colon cancer cells S Sebens Müerköster et al TUNEL reaction mixture for 90 min at 371C. After washing in PBS, the POD converter (POD-conjugated antifluorescein antibody) was added for 30 min at 371C. Sections were washed with PBS and the substrate reaction for peroxidase was performed. Afterward, sections were washed in water, counterstained in 50% hemalaun (Merck) and mounted with glycerol gelatin. Results were evaluated by counting positively stained nuclei per microscopic fields.
Statistics
Data were presented as mean7s.d. and were analysed by Student's t-test. A P-value o0.05 was considered as statistically significant.
Abbreviations
CCK, cholecystokinin; cIAP1/2, cellular inhibitor of apoptosis protein 1/2; 5-FU, 5-fluoro uracil; G17, amidated gastrin (17-34); IEX-1, immediate-early gene on X-ray-1; MAPK, mitogenactivated protein kinase; NF-kB, nuclear factor kappa B.
